The defect structure forming during deformation of the fcc polycrystalline solid solution Cu-Al and Cu-Mn with different grain sizes (10-240 µm) was studied by TEM. Plastic deformation of the alloy samples was carried out in tension at rate of 2 × 10 −2 sec −1 at the temperatures of 293-573 K. The scalar dislocation density and its components (the density of geometrically necessary dislocations and the density of statistically stored dislocations), the size of dislocation cells and the curvature-torsion crystalline lattice were measured. Both the average parameters of all the samples and the local ones were determined at various distances from the grain boundaries.
Introduction
Plastic deformation of a polycrystalline aggregate is a complex process [1] [2] [3] [4] . In particular, it is caused by the contribution to work hardening of different grain sizes and the sites of the material localized near and far from the grain boundaries (GBs).
Therefore, it is important to determine the dislocation structure (DS) parameters both in the vicinity of the GBs and far from them. At the same time, it is important to follow the dependence of the parameters of the DS as a function of the grain size. These questions in scientific publications have been discussed insufficiently. The dislocation density, the dislocation cell size, the curvature-torsion of the crystal lattice, the internal stresses belong to the important parameters of the defect structure of the deformed material.
For many years the dislocation structure was usually characterized by the scalar dislocations density (ρ). The development of the dislocation science has led to the division of ρ into components [1] having various physical content. Multiplication of dislocations and the dislocation reactions are random processes. The dislocations which slowed down in such way are so-called statistically stored dislocations (SSD). Statistically stored dislocations are decelerated by relatively weak barriers -other dislocations.
If there are stronger barriers (grain boundaries, twin boundaries, particles of the second phases) in the material, gradients of plastic deformation appear. If the gradients of the plastic deformation are present, in addition to the dislocations density ρ S there is also an accumulation of the geometrically necessary dislocations (GND) with the density ρ G . In this case [3] :
The component of the dislocation structure ρ G was introduced first by M. F. Ashby [1] to assess the role of grain boundaries in the formation of the dislocation structure. However, a detailed analysis of the ρ S and ρ G contributions to the total scalar dislocation density has been absent so far.
The aim of this work is to study the influence of the grain size on the scalar dislocation density, its components and other parameters of DS and their vari-ation depending on the distance from the GB.
Materials and methods
The objects of study are the polycrystalline FCC solid solutions of Cu-Al and Cu-Mn. The alloys of Cu-Al were studied in the concentration range of Al 0.5-14 at.%, the alloys of Cu -Mn -in the concentration range of Mn 0.4-25 at.%. Plastic deformation was carried out in tension at a rate of 2 × 10 −2 sec −1 at temperatures of 293-573 K. The dislocation structure of samples deformed to various degree of deformation was studied on the foils by TEM. Measurement of the following parameters of the defect structure was made: the scalar dislocation density (ρ), the density of the geometrically necessary dislocations (ρ G ), the density of the statistically stored dislocations (ρ S ), the curvature-torsion of the crystal lattice (χ) and some other parameters. Both the average parameters of defect structure, and the local ones at various distances from the GB were defined. The scalar dislocation density and the size of dislocation cells were measured by the well-known cross-section method [5] . The GND density is given by [3] :
where R is the bending radius of the crystalline lattice, b is Burgers vector. In [6] it is shown that
where χ = ∂ϕ ∂l is the curvature-torsion of the crystal lattice (ϕ is the angle of inclination of the crystal plane, l is the distance on the plane). The value ∂ϕ ∂l can be determined using the bending extinction contours observed in the TEM images of deformed material [6] . This method was used in this study to determine ρ G . After determining the densities of ρ and ρ G statistically stored dislocations ρ S were determined using Eq. (1).
Results and discussion
As it is obvious from Fig. 1 , the scalar dislocation density decreases with increasing average grain size. The dependence of the dislocations density on the grain size was described by, H. Conrad [7] and A. N. Orlov [8] as follows:
where k is a constant, ε is the degree of deformation, Thus the grain size d ≈ 100 µm seems to be critical for the accumulation of the dislocations during deformation. Above this value the dislocation density exhibits only a weak dependence on the grain size. This result suggests that above 100 µm the accumulation of the dislocations is generally governed by processes occurring in the grain interiors, whereas the role of GB is not so significant.
The two straight segments can be observed also in ρ = f (d −1 ) plot (Fig. 2) . The physical and mathematical picture of the phenomenon is quite complex. In order to elucidate the observed phenomenon, the strengthened boundary zones (SBZ) should be investigated in detail [9] .
The SBZ can be determined from measurement of dislocation density as a function of the distance from the GB, as it is presented in Fig. 3 for the alloys Cu+0.5at.%Al and Cu+14at.%Al having grain size <d> = 60 µm. We can see that the width of the zone near the grain boundaries with a high dislocation density is 2 µm in this case. The dependence of the width of the hardened zone on the grain size and the degree of deformation for the different alloys Cu-Al can be seen in Fig. 4 . It is obvious that the width of the SBZ increases with decreasing grain size.
It should be noted that although the SBZs are rather narrow, they can make a significant contribution to hardening of a polycrystal. As indicated above, the scalar dislocation density can be represented by the sum of the components ρ G and ρ S , see Eq. (1). In this paper, these components of the scalar dislocation density were measured using TEM (see Section 2) . As a result, it was found that in a wide range of the grain sizes (10-240 µm) the ρ G component is smaller than the ρ S component. However, for <d > =10 and 20 µm ρ G is greater than or comparable with ρ S in the vicinity of GB as it is presented in Fig. 5 for alloy Cu+5at.%Al. It is obvious that at <d> = 20 µm near the GB up to ε true ≈ 0.15 ρ G > ρ S . Further increase of the induced deformation leads to the relation ρ S > ρ G . These results are in agreement with the earlier data obtained by the authors on other materials [6, 10] which shows the existence of the critical grain d cr ≈ 10 µm at which ρ S becomes equal to ρ G and at a further decrease in the grain size ρ G exceeds ρ S . For ultrafine-grained materials it was established [10] that ρ G ρ S , and for nanomaterials ρ S ≈ 0. The plastic deformation is influenced by accumulation of the GND which are caused by partial disclinations in the GB and in the joints of the grains [11] [12] [13] .
The characteristics of various dislocation substructures were measured in this work along with the dislocation density. A special attention was paid to the dislocation cellular substructure. Figure 6 shows the TEM image of the cellular dislocation substructure near the GBs in the Cu+6at.%Mn alloy deformed (ε true = 0.35) at T = 293 K. One can see that as we approach the GBs, the cell size decreases. Similar pattern was observed also in other alloys [14] . Thus, the boundary area can give additional strengthening not only due to the high dislocation density near the GBs, but also due to the smaller size of the dislocation cells compared with the grain interior. Let us recall that the smaller dislocation cells, the greater the deformation resistance [15] . It is known [6, 11, 12] that the plastic deformation is accompanied by the formation and development of the curvature-torsion (χ) of the crystal lattice that leads to arising of internal stresses. We would like to present that the curvature-torsion of the crystal lattice and, consequently, of the internal stress originate from the steps on the GBs and the GBs triple junctions. Figure 7a shows TEM images of the GBs and the GBs triple junction. The bending extinction contours (C ) indicate the presence of the curvature-torsion of the crystal lattice in the image. The curvature-torsion of the crystal lattice forms partial disclinations located on the GBs and the grain junctions [11] [12] [13] . The results of the measurement χ are given in Fig. 7b as the function of the distances from the grain joints for an alloy Cu+5at.%Al for different degrees of deformation. The distinction χ near and far from the GBs and an increase in this distinction are clearly seen at increasing degrees of deformation. The decrease in the grain size is accompanied by a relative increase in the width of the zone near the grain boundaries with a high value of χ compared with the grain body. Thus, the results indicate that there is an area near grain boundaries (zone) with a higher curvature--torsion of the crystalline lattice, and, hence, higher internal stresses compared with the grain interior. A similar result was obtained by the authors [16] during the study of the distribution of the internal stresses in the UFG copper and nickel.
Conclusion
In this work the presence of a hardened zone near the grain boundaries was shown for Cu-Al and Cu-Mn alloys having different grain size. In this zone, both the scalar dislocation density and the curvature--torsion of the crystal was found higher, whereas the dislocation cell size was smaller in comparison with the grain interior. Further, the relationship between the parameters ρ S and ρ G can change. The existence of the hardened zone near the grain boundaries must be taken into account when the hardening mechanisms of a polycrystalline aggregate are considered.
